A large body of evidence from the past decade supports the existence, in membrane from animal and yeast cells, of functional microdomains that play important roles in protein sorting, signal transduction, or infection by pathogens. Recent reports demonstrated the presence, in plants, of detergent-resistant fractions isolated from plasma membrane. Analysis of the lipidic composition of this fraction revealed its enrichment in sphingolipids and sterols and depletion in phospho-and glycerolipids as previously observed for animal microdomains. One-dimensional gel electrophoresis experiments indicated that these detergent-resistant fractions are able to recruit a specific set of plasma membrane proteins and exclude others. In the present study, we used mass spectrometry to give an extensive description of a tobacco plasma membrane fraction resistant to solubilization with Triton X-100. This led to the identification of 145 proteins whose functional and physicochemical characteristics were analyzed in silico. Parameters such as isoelectric point, molecular weight, number and length of transmembrane segments, or global hydrophobicity were analyzed and compared with the data available concerning plant plasma membrane proteins. Post-translational modifications, such as myristoylation, palmitoylation, or presence of a glycosylphosphatidylinositol anchor, were examined in relation to the presence of the corresponding proteins in these microdomains. From a functional point of view, this analysis indicated that if a primary function of the plasma membrane, such as transport, seems under-represented in the detergent-resistant fraction, others undergo a significant increase of their relative importance. Among these are signaling and response to biotic and abiotic stress, cellular trafficking, and cell wall metabolism. This suggests that these domains are likely to constitute, as in animal cells,
The plasma membrane of eukaryotes delineates the interface between the cell and the environment. It thus plays a crucial role in many essential functions such as cell nutrition (involving transport of solutes in and out of the cell), endocytosis, or response to environmental modifications (including defense against pathogens). Although this renders the elucidation of the proteic composition of this membrane a hot topic for a better understanding of these cellular processes, only a minority of integral membrane proteins have been experimentally identified in plants. Indeed membrane proteins are widely known as an unsuitable materiel for classical proteomic analysis using two-dimensional gel electrophoresis separation followed by the identification of each spot by mass spectrometry: many hydrophobic proteins are not solubilized in the isoelectric focusing sample buffer and precipitate at their isoelectric point (1) . Previous two-dimensional gel electrophoresis of tobacco leaf plasma membrane led to an estimation of 500 polypeptides (2) but with a clearly established under-representation of intrinsic membrane proteins. Two more recent studies performed on Arabidopsis thaliana plasma membrane using mass spectrometry directly after SDS-PAGE separation identified, respectively, 97 hydrophobic plasma membrane proteins (3) and 238 putative plasma membrane proteins (4) . An in silico analysis deduced from the genome of the model plant A. thaliana has been undertaken to identify putative membrane proteins (5) . However, the diversity of the types of proteins associated to the plasma membrane (inferred from studies already performed) and the lack of signal peptide or specific signature indicating the targeting to this plasma membrane make the results very uncertain.
A new aspect of the plasma membrane organization has arisen from biophysical and biochemical studies performed with animal cells for several years. Evidence has been given that the various types of lipids forming this membrane are not uniformly distributed inside the bilayer but rather spatially organized (6) . This leads in particular to the formation of specialized phase domains, also called lipid rafts (7, 8) . These domains, enriched in sterols and sphingolipids, form a liquid ordered phase inside the membrane. This structural characteristic renders these domains resistant to solubilization by non-ionic detergents, and this property has been widely used to isolate lipid rafts for further analysis (6) . The most important hypothesis to explain the function of these domains is that they provide for lateral compartmentalization of membrane proteins and thereby create a dynamic scaffold to organize certain cellular processes. This ability to temporally and spatially organize protein complexes, while excluding others, conceivably allows for synchronization efficiency and speci-ficity of cellular responses (9) . In yeasts and animal cells, the association of particular proteins with these specialized microdomains has emerged as an important regulator of crucial physiological processes such as signal transduction, polarized secretion, cytoskeletal organization, generation of cell polarity, and entry of infectious organisms in living cells (10) .
In plants, the investigations about the presence of such microdomains is very recent and limited to a small number of publications (for a review, see Ref. 11) . A few years ago, Peskan et al. (12) reported for the first time the isolation of Triton X-100-insoluble fractions from tobacco plasma membrane. Mongrand et al. (13) provided a detailed analysis of the lipidic composition of such a detergent-resistant fraction indicating that it is highly enriched in a particular species of sphingolipid (glycosylceramide) and in several phytosterols (stigmasterol, sitosterol, 24-methylcholesterol, and cholesterol) compared with the whole plasma membrane from which it originates. Similar results were then obtained with detergent-resistant membranes prepared from A. thaliana callus membranes (14) . So the presence in plant plasma membrane of domains that share with animal rafts a particular lipidic composition now seems established. The above cited groups have also shown, using one-and two-dimensional gel electrophoresis, that the global proteic composition of microdomains seems quite different from that of the whole plasma membrane. However, the question of the physiological processes involving these domains is still wide open. To investigate in that direction, an inventory of the proteins associated to these plant detergent-resistant domains seems essential. Preliminary studies have indicated the presence in these domains of typical plant plasma membrane proteins such as different isoforms of H ϩ -ATPase and the water channels, aquaporins. They also suggested a possible enrichment in signaling components such as leucin-rich repeat receptor kinases or small GTP-binding proteins. The limits of these few tentative studies (summarized in Ref. 11) are that each of them was incomplete and that they were performed on various plant materials (detergent-resistant membranes extracted from plasma membranes of tobacco leaves, mustard cotyledons, or Arabidopsis cotyledons or from microsomal membranes of Arabidopsis callus).
The purpose of the present work is to give, on a unique material, an extensive description of the proteic composition of plant detergent-resistant membranes (DRMs). 1 Tobacco Bright Yellow 2 (BY-2) suspension cells were chosen for several reasons related either to the type of material or to the plant species. First, the plasma membrane is probably the most diverse membrane of the cell with a proteic composition that varies with cell type, developmental stage, and environment. In this respect, using an undifferentiated cell suspension as a starting material for such proteomic analyses should be an advantage. Moreover the cell suspension is an appropriate starting material to perform subcellular fractionation and get significant amounts of material (i.e. plasma membranes and DRMs) compatible with biochemical studies. Concerning the particular choice of the BY-2 cell suspension, lipid content and ultrastructure of BY-2 cell plasma membrane DRMs have been thoroughly characterized previously (13) . Furthermore tobacco has long been an essential model plant for physiological studies and particularly plant defense, and BY-2 cells represent a widely used material for both signal transduction and in vivo imaging studies. Such approaches will constitute further development of work that should lead to future investigations concerning the role of these microdomains in plant physiology.
In this study, we first prepared a highly purified plasma membrane fraction, which constitutes a first step of subcellular fractionation. This plasma membrane was further submitted to a treatment by the non-ionic detergent Triton X-100 to isolate the "detergent-resistant membranes"; this should be considered as a further step of subfractionation. As discussed above, membrane proteins are poorly soluble in the detergents used for two-dimensional (2D) electrophoresis; this limitation is all the more marked for proteins selected on the basis of their insolubility in non-ionic detergent, the criteria for isolation of DRMs. We therefore developed a buffer consisting of both ionic/non-ionic detergents and chaotropic agents to thoroughly solubilize DRMs. The subsequent problem was to detect low abundance proteins inside this complex mixture. To this respect, we tested three different methods for protein identification: namely the classic SDS-PAGE followed by one-capillary HPLC-MS/MS, 2D LC-MS/MS, and gas phase fractionation (GPF) MS/MS. This led to the identification, in BY-2 cell plasma membrane DRMs, of 145 proteins whose functional and physicochemical characteristics are further discussed. Preparation and Purity of Tobacco Plasma Membrane-All steps were performed at 4°C. Cells were collected by filtration, frozen in liquid N 2 , and homogenized with a Waring Blendor in grinding medium (50 mM Tris-MES, pH 8.0, 500 mM sucrose, 20 mM EDTA, 10 mM DTT, and 1 mM PMSF). The homogenate was centrifuged at 16,000 ϫ g for 20 min. After centrifugation, supernatants were collected, filtered through two successive screens (63 and 38 m), and centrifuged at 96,000 ϫ g for 35 min. This microsomal fraction was purified by partitioning in an aqueous two-phase system (polyethylene glycol 3350/dextran T-500, 6.6% each) to obtain the plasma membrane fraction (16) . Marker activities used to evaluate the contamination of the plasma membrane fraction were as follows: azide-sensitive ATPase activity at pH 9 for mitochondria, nitrate-sensitive ATPase 1 The abbreviations used are: DRM, detergent-resistant membrane; PM, plasma membrane; BY-2, Bright Yellow 2; ECM, extracellular matrix; GPI, glycosylphosphatidylinositol; GPI-AP, glycosylphosphatidylinositol-anchored protein; PIP, plasma membrane intrinsic protein; 2D, two-dimensional; GPF, gas phase fractionation; SCX, strong cation exchange; TM, transmembrane; ABC, ATP-binding cassette; RLK, receptor-like kinase; LRR, leucine-rich repeat; NSF, Nethylmaleimide-sensitive factor; SNARE, soluble N-ethylmaleimidesensitive factor attachment protein receptor; SNAP, soluble N-ethylmaleimide-sensitive factor attachment protein; SYP, syntaxin of plants. activity at pH 6 for tonoplast, antimycin-insensitive NADH cytochrome c reductase for endoplasmic reticulum, and analysis of lipid monogalactosyldiacylglycerol contents for chloroplasts.
EXPERIMENTAL PROCEDURES

Materials-BY-2 cells (Nicotiana
Isolation of Detergent-resistant Membranes-Plasma membranes were resuspended in a buffer A containing 50 mM Tris-HCl, pH 7.4, 3 mM EDTA, and 1 mM 1,4-dithiothreitol and treated with 1% Triton X-100 (w/v) for 30 min on ice with very gentle shaking every 10 min. Solubilized membranes were placed at the bottom of a centrifuge tube and mixed with 60% sucrose (w/w) to reach a final concentration of 48% (w/w) and overlaid with a discontinuous sucrose gradient (40, 35, 30 , and 20%, w/w). After centrifugation for 20 h at 100,000 ϫ g, a ring of Triton X-100-insoluble membranes was recovered at the 30 -35% interface, diluted in buffer A, and centrifuged for 4 h at 100,000 ϫ g. The pellet was resuspended in buffer A, and protein concentrations were determined using the Bradford reagent with BSA as the standard.
Protein Separation by SDS-PAGE-DRM proteins were solubilized in a buffer consisting of 6 M urea, 2.2 M thiourea, 5 mM EDTA, 0.1% SDS, 2% N-octyl glucoside, and 50 mM Tris-HCl. Samples were first incubated at room temperature for 15 min and then in a sonic bath for another 15 min. After a centrifugation at 16,000 ϫ g for 15 min, no pellet was observed. An aliquot of solubilized proteins (5-10 g) was added to Laemmli buffer and boiled for 2 min before been deposited on an 8% acrylamide gel and separated by SDS-PAGE. Proteins were visualized by Coomassie Blue staining. Each lane was systematically cut into 15 bands of equal volume for MS/MS protein identification. For GPF and 2D LC experiments, SDS-PAGE migration was stopped as soon as proteins entered the separation gel. A unique band was then cut from the gel and submitted to further trypsin digestion.
Protein Digestion-Each band was cut into 1 ϫ 1-mm cubes, and gel pieces were incubated in 25 mM ammonium bicarbonate and 50% ACN until destained. Spots were subsequently rinsed twice in ultrapure water and shrunk in ACN for 10 min. After ACN removal, gel pieces were dried at room temperature, covered with the trypsin solution (10 ng/l in 50 mM NH 4 HCO 3 ), rehydrated at 4°C for 10 min, and finally incubated overnight at 37°C. Spots were then incubated for 15 min in 50 mM NH 4 HCO 3 at room temperature with rotary shaking. The supernatant was collected, and an H 2 O/ACN/HCOOH (47.5:47.5:5) extraction solution was added onto gel slices for 15 min. The extraction step was repeated twice. Supernatants were pooled and concentrated in a vacuum centrifuge to a final volume of 25 l. For 2D LC-MS/MS experiments, 20 l of DRM sample were loaded onto a 500-m-inner diameter ϫ 5-mm BioX-SCX trap column (LC Packings) at a flow rate of 30 l/min. Peptides were transferred from the cation exchange column onto the 300-m-inner diameter ϫ 5-mm C 18 PepMap desalting cartridge and separated onto the 75-m-inner diameter ϫ 15-cm C 18 PepMap column using a 5-55% linear gradient of solvent B in 100 min. Bound peptides were displaced from the SCX column onto the C 18 cartridge by successive injections of increasing concentrations of ammonium acetate (i.e. 0 mM, 5 mM, 10 mM, 20 mM, 50 mM, 0.1 M, 0.2 M, 0.5 M, 1 M, and 2 M) in 0.1% formic acid. A set of 11 LC-MS/MS analyses was then collected.
Database Search-Data were searched by SEQUEST through Bioworks 3.1 interface (ThermoFinnigan) against a subset of the UniProt database (download June 3, 2005) consisting of plant species sequences (203,309 entries). DTA files were generated for MS/MS spectra that both reached a minimal intensity (5⅐10 4 ) and a sufficient number of ions (Ͼ35). The DTA generation authorized the averaging of several MS/MS spectra corresponding to the same precursor ion with a tolerance of 1.4 Da. Spectra from peptides higher than 3500 Da or lower than 500 Da were rejected. The search parameters were as follows: mass accuracy of the monoisotopic peptide precursor and peptide fragments was set to 1.5 and 0.5 Da, respectively. Only band y-ions were considered for mass calculation. Oxidation of methionines (ϩ16) was considered as differential modifications. Two missed trypsin cleavages were allowed. The results of the individual analyses (15 bands for SDS-PAGE, 12 m/z ranges for GPF, or 11 steps for 2D LC) were merged into a single assessment. Only peptides with Xcorr values higher than 1.5 (single charge), 2 (double charge), and 2.5 (triple charge) were retained. MS/MS spectra corresponding to proteins identified by less than four peptides were checked manually. The complete list and characteristics of peptides corresponding to proteins identified is presented in Supplemental Table S1 . Most protein identifications were based on a minimum of two-peptide assignments (when indicated, unique peptide-based identifications were considered: in those cases the corresponding spectra are joined in Supplemental Table S2 ). When ortholog proteins were identified, the choice was made to select those from genus Nicotiana, when possible, or from nearest species. Importantly, peptides shared between several proteins were only counted for the protein that has over all the most matching peptides. The protein list is thus the smallest set of proteins explaining the identified peptide presence.
To evaluate the false positive rate in our protein listing, a more stringent filtering of the database search results was conducted based on retaining peptides with probability p(pep) Ͻ 1EϪ3 in the Bioworks 3.2 interface (ThermoFinnigan). The obtained results led to an identification confidence higher than 95%. Protein candidates considered as ambiguous were thus checked manually, and a specific MS/MS spectrum showing the presence of each protein is given in Supplemental Table S2 .
Prediction Methods-Predictions for number and length of transmembrane (TM) domains were achieved by using the HMMTOP server (www.enzim.hu/hmmtop). The GRAVY (17) , theoretical pI, and theoretical molecular weight were obtained using the software program ProtParam tool (www.expasy.org/cgi-bin/protparam).
For post-translational modifications, glycosylphosphatidylinositol (GPI) modification sites were predicted by Big-PI Plant Predictor (mendel.imp.univie.ac.at/gpi/plant_server.html), and myristoylation sites were predicted by NMT-The MYR Predictor (mendel.imp. univie.ac.at/myristate/SUPLpredictor.htm). Putative palmitoylation sites were searched manually in amino acid sequences according to Ref. 18 .
RESULTS
Tobacco Plasma Membrane Microdomains Extraction
The procedure of extraction of plasma membrane DRMs from cultured BY-2 tobacco cells is schematized in Fig. 1 . We selected the conventional phase partition procedure to obtain a highly enriched plasma membrane (PM) fraction. Typical preparations were enriched by a factor of 7-8 in the PM marker, vanadate-sensitive ATPase activity, compared with the starting material consisting of a crude microsomal fraction. Biochemical characterization of this PM fraction revealed that it was virtually free of mitochondrial contamination. Endoplasmic reticulum marker enzyme was depleted by a factor of 8, and tonoplast marker was depleted by a factor of 20 between microsomes and PM. Finally the absence of monogalactosyldiacylglycerol indicated a lack of contamination by thylakoid envelope (data not shown). These results indicate that this PM fraction, contaminated very little by other endomembranes, constitutes a suitable starting material for extraction of DRMs (as described in Ref. 13 ) and for further proteomic analysis.
It is a well known feature that, in biological membranes, the formation of microdomains correlates with resistance to solubilization by non-ionic detergents, and this property has been widely used for biochemical characterization of these domains (6) . Here plasma membranes were incubated at 4°C with Triton X-100 (final concentration, 1%) at a detergent/ protein ratio of 15, previously established as the most suitable for DRM extraction from this material (13) . In these conditions, the amount of proteins recovered in the DRM fraction was around 5% (w/w) of the initial quantity present in the plasma membrane fraction. The previous extensive analysis of the lipidic composition of this fraction revealed that it is highly enriched in sterols and sphingolipids compared with the PM (13) . To get the most extensive description of its proteic content, this detergent-resistant membrane fraction, which constitutes a subfraction of purified plasma membrane, was used for proteomic analysis using three different approaches.
Analysis by Mass Spectrometry of the Proteic Composition of Tobacco Microdomains
Tobacco plasma membrane DRMs were found to be soluble in a buffer consisting of both non-ionic (N-octyl glucoside) and ionic (SDS) detergents and high concentration of chaotropic agents. Such a buffer would have resulted in an important decrease of trypsin efficiency and in incompatibility problems with the subsequent reverse phase separation. To circumvent these problems, it would have been necessary to dilute the sample before digestion and to include additional steps for detergent removal. Finally sample complexity rendered prefractionation necessary. We then chose to separate the protein mixture by SDS-PAGE. The complete electrophoresis lane was cut into 15 pieces, and digests obtained from each piece after trypsin addition were separately analyzed by nano-HPLC coupled to a nanospray ion trap mass spectrometer. The SDS-PAGE separation strategy thus allows reduction of sample complexity while making samples compatible with subsequent LC-MS/MS analysis. Alternative experiments consisting in short SDS-PAGE migration, unique band excision, digestion, and subsequent 2D LC-MS/MS or GPF m/z were also conducted.
A total of 145 different proteins (Tables I-V) was identified using the SDS-PAGE/LC-MS/MS method, which proved to be far most efficient, in our hands, than the two other methods. Indeed 54 proteins were identified by 2D LC-MS/MS, 43 were identified by GPF, and all the proteins identified by any of those two methods were also present in the result of the SDS-PAGE/LC-MS/MS analysis. The results presented in Tables I-V were obtained from at least three experiments from independent suspension cells each time.
The disappointing results obtained with GPF and 2D LC could arise from the prominence, in the sample, of highly abundant proteins (i.e. ATPases) that would mask the signal of less abundant proteins. The SDS-PAGE separation would then be more efficient in the segregation of these major proteins. In addition, the use of step rather than gradient SCX separation would result in a loss of resolution in the first chromatographic dimension, which would also account for the contamination by major protein species.
Functional Survey of Identified DRM Proteins
Based on sequence homologies with known proteins, putative functional classes could be assigned for 140 proteins among the 145 identified. These proteins can be divided in five groups, which are clearly in agreement with main physiological cellular processes involving the plant plasma membrane: transport (36 proteins, Table I ), signaling and response to biotic or abiotic stress (55 proteins, Table II), cellular trafficking (17 proteins, Table III) , cell wall synthesis and degradation (14 proteins, Table IV) , and metabolism and other functions (18 proteins, Table V ). For each of these groups, the relevance of the presence of some specific proteins (or family of proteins) in DRMs will be developed under the "Discussion."
Physical and Chemical Characteristics of Tobacco BY-2 Cell DRM Proteins
To examine putative characteristic features of DRMs associated proteins, the whole set of proteins listed in Tables I-V was analyzed with respect to physical parameters such as molecular weight, isoelectric point, number and length of transmembrane segments, or global hydrophobicity. For each parameter (except the length of transmembrane segment), these values were compared with results obtained with proteins identified in the whole plasma membrane from plant. As the whole plasma membrane proteome is not available in databases, we collected 330 sequences of proteins previously demonstrated as plant plasma membrane proteins in different studies (3, 4, 19 -25) or referred to as plasma membrane proteins in databases. Proteins were retrieved from the National Center for Biotechnology Information (NCBI) database (version February 2006) using the following keywords: plasma membrane or plasmalemma and Arabidopsis (to eliminate redundancy due to ortholog proteins in different species). This set of proteins was used as a "plasma membrane protein database" for a comparison with DRM proteins.
Isoelectric Point-The theoretical isoelectric points of all the proteins identified range from 4 to 12 and are mainly represented in two groups: an acidic group (pH 5-7) and a basic group (pH 8 -10), which represent, respectively, 46 and 38% of the DRM proteins identified (Fig. 2) . This distribution is not radically different from the one obtained analyzing plasma membrane proteins from our database (Fig. 2) . However, a detailed comparison indicated slight differences: if the proportion of "neutral proteins" (6 Ͻ pI Ͻ 8) is comparable in the two fractions, the relative amount of acidic proteins (pI Ͻ 6) seems higher in plasma membrane than in DRMs, and inversely, basic proteins (pI Ͼ 8) are more abundant in DRMs.
Molecular Weight-The molecular masses of proteins listed in Tables I-V are between 11 and 232 kDa with a majority of proteins (70%) exhibiting a molecular mass between 20 and 80 kDa (Fig. 3) . This also seems to be a relatively classical feature of plant plasma membrane proteins (19) . It appears, nevertheless, that proteins of low molecular mass (Ͻ20 kDa) seem rather excluded from DRMs, whereas proteins of high molecular mass (Ͼ180 kDa) are more represented in this fraction than in plasma membrane (Fig. 3) . Tables I-V indicated that 59% comprised at least one putative transmembrane helix (Fig. 4) . The result is quite similar (61%) for proteins of the whole plasma membrane (Fig. 4) . The same analysis performed on plasma membrane from A. thaliana previously enriched in hydrophobic proteins (3) led to 51% of proteins exhibiting at least one transmembrane helix. Among the DRM proteins supposed to contain at least one transmembrane ␣-helix, 45% exhibited one to three membrane-spanning segments, 15% exhibited four to six, 32% exhibited seven to 12, and 7.5% exhibited more than 12 (Fig. 4) . These data are quite comparable to the data obtained with the plasma membrane proteins from our database (Fig. 4) . However, the proportion of transmembrane proteins containing more than seven spanning helices in this study (40%) is significantly higher than in a previous study on A. thaliana plasma membrane proteome (21%) (4) and even than in a study focused on intrinsic plasma membrane proteome of the same plant (30%) (3) .
Number of Transmembrane Helices and Length of Transmembrane Segments-The in silico analysis of all the proteins listed in
Using x-ray diffraction analysis, it has been shown that DRMs are 9 Å thicker than detergent-soluble membranes for a bilayer system containing an equimolar mixture of sphingomyelin, cholesterol, and an unsaturated phospholipid (26) . This difference in thickness of rafts and non-raft membranes has been proposed to be involved in the targeting of proteins to microdomains from the Golgi apparatus: proteins with relatively short transmembrane domains would tend to be localized in thin non-raft membranes, whereas certain proteins with longer transmembrane domains would be segregated to thicker microdomains enriched in sphingolipids and sterols that form transport vesicles destined to the plasma membrane (27) . The basis of transmembrane ␣-helix prediction is that a stretch of 15-30 hydrophobic amino acids is likely to be an ␣-helix in a membrane bilayer. All the helices identified in DRM proteins by the prediction programs were examined with regard to the number of amino acids. The results of this analysis indicate a broad distribution from 17 to 25 amino acids per helix with a maximum representation for helices comprising 20 or 21 amino acids (Fig. 5) . This length is similar to the average length of transmembrane helices in a database generated from the SwissProt database and containing a total of 3596 different putative membrane proteins (28) .
Global Hydrophobicity-Another parameter commonly used to describe the hydrophobicity of proteins is the GRAVY index, which takes into account the size and charge of the whole protein. It ranges classically from Ϫ2 to ϩ2, and positive values refer to hydrophobic proteins (17) . In this study most of the proteins (77%) have a GRAVY index between Ϫ0.4 and ϩ0.4, which could not really discriminate their hy-drophobicity (Fig. 6 ). Only 25% of the proteins have a strictly positive GRAVY among which 5% exhibit a GRAVY above 0.4. Interestingly the same analysis performed on the proteins of the plasma membrane database indicated a similar repartition but with a significantly higher proportion (14%) of clearly hydrophobic proteins (GRAVY Ͼ ϩ0.4) (Fig. 6 ). 
Post-translational Modifications
Specific post-translational modifications have been reported to be correlated with the presence in rafts of specific subsets of proteins. GPI anchoring was the first and best characterized of these signals (29) , but N-terminal double acylation of membrane proteins has also been reported (18, 30) .
Addition of a GPI anchor is a post-translational modification occurring in endoplasmic reticulum. Such proteins are then characteristically embedded with the lipid portion of the GPI anchor into the exoplasmic leaflet of the plasma membrane (29) . In the present study, four GPI-anchored proteins were identified: a pectinesterase-like protein, two monocopper oxidases, and a fasciclin-like arabinogalactan protein. Two of these proteins (the two monocopper oxidases) have also been identified (with four other GPI-anchored proteins (GPI-APs)) in DRMs from Arabidopsis callus (14) .
Another example of lipid modification previously observed in some proteins associated with animal lipid rafts is palmitoylation (addition of a 16-carbon saturated fatty acid) or myristoylation (addition of a 14-carbon saturated fatty acid). In this case the acyl chain inserts into the cytoplasmic face of the plasma membrane. Although the mechanism responsible for accumulation of dually acylated proteins to microdomains has not yet been elucidated, one could speculate that insertion of fatty acyl anchors into a liquid ordered domain would be energetically favorable (31) . Both myristoylation and palmitoylation can be dynamically regulated: the myristate moiety can be sequestered through the use of myristoyl switches, whereas palmitate can be removed by protein palmitoyl thioesterases (18) . In our study, 22 proteins appear to undergo this kind of post-translational modification, and among those proteins 13 possess both myristoylation and palmitoylation sites (Tables I-V) . DISCUSSION 
How Many Proteins Are in Tobacco DRMs?
Previous studies performed on plant DRMs (summarized in Ref. 11) led to the identification of 11 proteins enriched in DRMs from tobacco BY-2 cell plasma membrane, 35 proteins present in DRMs obtained from microsomes of A. thaliana callus, and 34 proteins present in DRMs of A. thaliana cotyledons plasma membrane (32) . The analysis presented here led to the identification of 145 proteins. A first reference is to compare this result with the total number of proteins present on the plasma membrane. However, this is not a trivial purpose. The experimental data concerning the number of proteins present on plant plasma membrane are very fragmentary due to the technical difficulties encountered with this material.
Previous studies either based on two-dimensional gel electrophoresis or using mass spectrometry directly after SDS-PAGE separation led, respectively, to an estimation of 500 polypeptides, but with a clearly established under-representation of intrinsic membrane proteins (2), or to the identification of 97 (3) and 238 (4) putative plasma membrane proteins. The question is also very complex when tackled with genomic tools. The Institute for Genomic Research (TIGR) now has annotated about 30,000 proteins among which 25% are predicted to be integral membrane proteins (5). However it is not possible to identify PM proteins from these sequences because no signal peptide or specific signature specifying the targeting to the PM have been identified so far. Furthermore the plasma membrane is probably the most diverse membrane of the cell with a proteic composition that varies with cell type, developmental stage, and environment; therefore the proteins present at a precise time on the PM of a particular type of cell are probably not representative of the genomic data corresponding to the whole set of proteins putatively addressed to this membrane. In summary, no precise data are available concerning the total number of plant plasma membrane proteins. However, taking into account all the elements discussed above, one may reasonably hypothesize the presence of about a thousand proteins on this membrane. In this context, the number of DRM proteins identified here (145) would represent about 15% of this total. This is not inconsistent with our experimental results indicating that 5% (w/w) of the total amount of proteins present in a PM fraction are recovered in the corresponding DRM fraction (i.e. 50 g of DRM proteins from 1 mg of PM proteins) and assuming that low abundance proteins are enriched in DRMs. Similar proteomic analyses in animal cells indicate a number of plasma membrane proteins between 900 and 1400 (33, 34) and a number of DRM-associated proteins between 200 and 350 according to the cell type (35) .
What Kind of Proteins Are in Tobacco DRMs?
The putative functions of the proteins identified in tobacco DRMs are clearly in agreement with the main physiological cellular processes involving the plant plasma membrane. For each of these families, the relevance of the presence of some specific proteins in DRMs is discussed below.
Membrane Transporters (Table I )-Six isoforms of the most representative integral protein of the plant plasma membrane, the P-type H ϩ -ATPase, were identified in tobacco DRMs (Table I). This result is in agreement with previous analysis indicating an enrichment of this protein in tobacco DRMs (13, 14) . Interestingly the yeast counterpart of this protein has been demonstrated to be enriched in lipid rafts (36) . Furthermore its immunolocalization in minor veins of Vicia faba showing a non-homogeneous distribution in transfer cells is consistent with its localization in specialized microdomains (37) .
Different proteins initially identified as subunits of a vacuolar H ϩ -ATPase are also present in DRMs (Table I) . This result is supported by the identification of such proteins in two proteomic studies performed on Arabidopsis plasma membrane (3, 4) and by previous reports indicating the presence of different isoforms of this protein on the plasmalemma of tobacco (38) or A. thaliana (39) . Furthermore these proteins have already been identified in DRMs from Arabidopsis (14) .
Several members of the aquaporin family (plasma membrane intrinsic proteins (PIPs)) are also present in DRMs. Thirteen PIPs have been identified in Arabidopsis, and two recent studies detected eight isoforms on plasma membrane from cell culture (3) or green leaves (4) of this plant. A recent work also demonstrated the location of an aquaporin in caveolin-rich membrane microdomains of mouse keratinocytes (40) .
Four proteins belonging to the ABC transporters family appear in Table I . Most ABC transporters characterized in plants have long been localized in the vacuolar membrane, but recent evidence indicated that members of this family could also be located on the plasma membrane (4). (Table  II) -The plasma membrane, as the interface between the cell and the exterior, is the primary target for various signals supposed to trigger cell responses required for adaptation to environmental changes. To this respect, the presence on plant plasma membrane of proteins involved in signaling processes is relevant. In tobacco DRMs, these proteins represent 38% of the total proteins identified, and this proportion is significantly higher than in the whole plasma membrane (see below). In agreement with our results, a quantitative proteomic study of lipid rafts from HeLa cells demonstrated a significant enrichment of signaling proteins such as kinases and small GTP-binding proteins in this fraction compared with the plasma membrane (41) . Among these proteins, receptor kinases (most of them exhibiting leucine-rich repeats), calciumdependent protein kinases, calcium/calmodulin-dependent protein kinases, and GTP-binding proteins have been identified. All these families of proteins have been identified previously on plant plasma membrane, and their presence has also been observed in DRMs extracted from Arabidopsis callus (14) or cotyledons (32) . Moreover, evidences of the involvement of animal lipid rafts in signaling processes come from studies performed with lymphocytes that demonstrated in different signaling processes the presence of particular receptors and kinases in these domains (10) .
Signaling and Response to Biotic or Abiotic Stress
Proteins of the receptor-like kinase (RLK) family are well represented in DRMs as evidenced in this study (Table II) and other recent work (32) . These proteins are defined by an extracellular domain, a single pass transmembrane domain, and a cytoplasmic serine/threonine protein kinase domain (42) . An extensive phylogenetic analysis of the RLKs in A. thaliana has revealed that more than 400 genes encode putative RLK proteins, which can be classified on the basis of their extracellular domain (42) . Among these proteins, leucinerich repeat (LRR)-containing receptor kinases represent the largest group (42) . The phenotypes associated with mutations in various LRR RLKs show that they play roles in diverse processes such as growth and development, setting up of symbiosis, or plant pathogen recognition (43) . This particular point illustrates the general difficulty related to classifying proteins according to physiological functions because some LRRs that appear in Table II under "Signaling" should probably appear under "Defense" for example. Phospholipase D, isoform ␦, a lipid-utilizing enzyme whose function is clearly established in plant signaling (44) , was also found in DRMs (Table II) .
In addition to signaling proteins or proteins whose precise functions are still unknown, we also listed in Table II proteins that have all been proved to be involved in plant responses to stress. Two of them, the NADPH oxidase NtrbohD and its regulator, the small G protein Rac5, involved in the signal transduction triggered by the fungal elicitor cryptogein, have been previously immunologically detected in tobacco DRMs (13) . Two other proteins present in DRMs, HIN9 and HIN18, have been proved to be induced during hypersensitive response due to tobacco mosaic virus infection (45) , and seven others are the products of a plant defense gene family named HIR (hypersensitive-induced reaction) associated with pathogen resistance (46) .
Pti1 is a serine/threonine kinase that is phosphorylated by the product of the Pto resistance gene of tomato that functions in a gene-for-gene interaction with the avrPto avirulence gene of the pathogen Pseudomonas syringae (47) . Pti1 is believed to be involved in downstream signaling leading to the hypersensitive response (47) . Interestingly both Pti1 and a Pto-like serine/threonine kinase were identified in tobacco DRMs (Table II) .
Our previous work indicated that the protein remorin, which was identified in this study, is particularly well represented in tobacco DRMs as attested by one-and two-dimensional electrophoresis experiments (13, 32) . Remorin is the putative receptor of oligogalacturonic acids, components of the extracellular pectic matrix that regulate the expression of a variety of defense genes (48) . Taken altogether, these results indicating the presence in DRMs of various proteins involved in plant defense suggest, as already established in animal cells, a crucial role of these microdomains in the signaling linked to host-pathogen interactions.
Proteins Involved in Intracellular Trafficking (Table III) -The establishment and maintenance of intracellular organelles are dependent upon the proper trafficking of macromolecules and membrane fusion. The plant endomembrane system, which is critical for biosynthetic and endocytic trafficking to the plasma membrane and vacuole, is comprised of the endoplasmic reticulum, Golgi apparatus, and intermediate organelles such as prevacuolar compartment (49) . Several proteins known to be involved in membrane trafficking were identified in this study (Table III) .
SNAREs (soluble N-ethylmaleimide-sensitive factor (NSF) attachment protein receptors) are a family of membrane-tethered coiled-coil proteins that regulate fusion reactions and play a crucial role in the correct targeting of proteins to the different organelles of the endomembrane system (50). Syntaxins are a subset of SNARE proteins originally isolated from the presynaptic plasma membrane of neuronal and secretory cells (50) . Two syntaxins of the SYP (syntaxin of plants) subfamily (SYP 131 and SYP 71), which is the group most closely related to the plasma membrane-associated syntaxins in yeasts and mammals, and the tobacco SNARE NtSyr1 were identified in this study (Table III) . The role of NtSyr1 in the regulation of guard cells responses to abscisic acid has been demonstrated (51) . This result is in agreement with various experimental data suggesting a possible regulation of stress responses by intracellular vesicle trafficking (52) . The soluble N-ethylmaleimide-sensitive factor attachment proteins (SNAPs) are eukaryotic soluble proteins required for membrane fusion. SNAPs act as adapters between NSF, a hexameric ATPase, and membrane SNARE proteins (SNAP re-ceptors). Within the NSF⅐SNAP⅐SNARE complex, SNAPs contribute to the catalysis of an ATP-driven conformational change in the SNAREs, resulting in dissociation of the complex (53) . NSF and SNAPs have also been identified in tobacco DRMs, indicating that all the partners necessary to the trafficking machinery are present in these domains.
Clathrin is a protein involved in endocytosis via the formation of clathrin-coated pits that eventually form vesicles by budding from the membrane. Clathrin heavy chain, listed in Table III , has already been identified in proteomic analysis of the plasma membrane from Arabidopsis (4) and in DRMs from various animal cell types (41, 54) . In mammalian cells, the final scission of the clathrin-coated vesicles from the plasma membrane relies on dynamins through the action of their pleckstrin homology domain that interacts with lipids (55) . Among the three large GTPase dynamins identified in this study, DRP2B contains this type of domain in its sequence and may be involved in endocytosis and membrane recycling via clathrincoated vesicles (55) .
Actin and microtubules are the main components of plant cytoskeleton. Cellular responses to various endogenous or environmental factors involve the reorganization of this cytoskeleton, which provides tracks for the delivery of molecules to their sites of action (56) . Actin and ␣-and ␤-chains of tubulin were identified in tobacco DRMs (Table III) . Studies performed on animal cells already demonstrated the presence of these proteins in DRMs (41) and suggested a possible role for actin in the stabilization of the microdomains (57) .
The presence in tobacco DRMs of various elements of the cell trafficking machinery is in agreement with data provided by studies performed on animal cells. It has been shown that a subset of plasma membrane skeleton proteins from bovine neutrophils co-isolates with DRMs (54). Numerous experimental evidences indicate the involvement of lipid rafts in the internalization of various proteins, suggesting the existence of several distinct raft-mediated endocytotic pathways. Finally rafts play an important role in polarized membrane trafficking (10) .
Cell Wall-related Proteins (Table IV) -The crucial role of cytoskeletal elements in the establishment of cellular polarity involves their interaction with membranous and extracellular matrix (ECM) molecules. A reciprocal relationship exists, in particular in plants, between cytoskeleton and ECM: cytoskeleton determines the orientation of cell wall cellulosic components, and plant ECM can affect the orientation of microtubules with the cell cortex (58) . The presence in tobacco DRMs of a set of cell wall proteins is thus relevant. The identification, in particular, of several isoforms of callose synthase, which acts as one class of cytoskeleton-cell wall linkers of plant cells (58) , seems quite interesting.
Metabolism Proteins and Other Proteins (Table V) -As discussed above, only a few enzymes (about 6% of the total proteins identified) involved in metabolism were detected in DRMs when compared with the whole PM (3). Among these are probably some remnant contaminants such as the mitochondrial ATP synthase ␣-chain and the tonoplastic inorganic pyrophosphatase or some ribosomal proteins. This result is not surprising, even if our starting material is a highly enriched plasma membrane fraction, because the presence of a variable amount of contamination by other endomembranes is unavoidable.
How Are These Proteins Associated to Tobacco DRMs?
Slight differences were observed between DRMs and plasma membrane proteins: a few more basic or heavy proteins and fewer highly hydrophobic proteins were found in DRMs, and a few more acidic or light proteins were found in the plasma membrane. To our knowledge, this work constitutes the first large scale comparison of the characteristics of proteins identified in a particular membrane (here the tobacco plasma membrane) and in DRMs isolated from this membrane. Moreover, studies concerning the proteic composition of animal DRMs have not been performed considering physicochemical but rather functional characteristics of the proteins identified, and mostly, with a particular signaling pathway in prospect. The interpretation of the differences evidenced in this work is made difficult by this lack of data. Taken as a whole, the physicochemical characteristics of the proteins listed above do not seem to constitute discriminant characters potentially responsible for the targeting to DRMs. However, according to the raft model developed from animal cells studies, an important determinant for the association of a protein to rafts seems to be the presence of a lipid involving post-translational modification (9) .
Experimental evidence for the association of GPI-APs with lipid rafts from animal cells is based on the observation that these proteins are found in DRMs and suggests that the GPI anchor might be a signal to target proteins to these microdomains. At least two explanations could support this hypothesis. Experiments carried out in artificial membranes suggested that the proper lipid environment for insertion of a GPI-AP is provided by cholesterol, which specifically interacts with the acyl chain of the GPI anchor (29) . Another possibility is that GPI-APs may interact with glycosphingolipids through their GPI saccharide or inositol residues (59). GPI-APs are widely distributed in eukaryotic organisms and have been found in almost all tissues and cells examined (29) . Mining of the A. thaliana genome sequences has led to the prediction of 248 putative GPI-APs, and a combination of biochemical methods and mass spectrometry led to the identification of 44 GPI-APs in a plasma membrane fraction from A. thaliana (60) .
A total of eight GPI-APs have been identified so far in plant DRMs (Ref. 14 and this work). This may appear too low to be a decisive criterion for raft targeting. Furthermore in the same study that led to the identification of 44 GPI-APs in a plasma membrane fraction from A. thaliana (60) , only six GPI-APS were found in a human lipid raft-enriched membrane fraction.
Similarly a proteomic study of lipid rafts from human HeLa cells led to the identification of 241 proteins among which only eight exhibited a GPI anchor (41) . So if enrichment of GPI proteins in animal lipid rafts compared with the whole plasma membrane has been observed, their relative abundance among all the proteins of these domains is not documented.
Under our experimental conditions, myristoylated and palmitoylated proteins were quantitatively far more represented than GPI-AP in plant DRMs because 22 proteins identified in tobacco DRMs exhibit putative fatty acid modification sites. This represents about 16% of the total proteins identified and 26% (22/83) of the proteins exhibiting no or one transmembrane segment. This proportion is far from being insignificant. However, there is no possible comparison with other models because this type of modification has not been examined previously in others studies concerning plant microdomains or whole plasma membrane. Concerning animal lipid rafts, myristoylation and palmitoylation have been demonstrated for some proteins such as Src kinases, G proteins, or endothelial nitric-oxide synthase (18) , and the importance of such post-translational modifications for targeting to microdomains has been demonstrated (61) . However, to our knowledge, no quantitative data are available about the relative amount of raft-associated proteins undergoing such modifications. It should be noted that, among the 22 proteins identified in this study as palmitoylated or myristoylated, 13 displayed no predicted transmembrane domain, and nine exhibited only one. This relatively high proportion of DRM proteins associated to the membrane only by a post-translational modification is probably related to the lower values of GRAVY index observed in DRM proteins compared with plasma membrane proteins (Fig. 6) . As for the proteins with several membrane-spanning segments, this criterion is probably not relevant. For such proteins, the association with microdomains could require electrostatic interactions between charged amino acids of the protein and oppositely charged head groups of sphingolipids. In this respect, characterization of structural motifs involved in the interaction of proteins with sphingolipids and cholesterol is of primary importance.
It is particularly interesting to note that these different posttranslational modifications are not randomly distributed among the different physiological functions represented in these DRMs: sites for fatty acylation are present exclusively in proteins involved in signaling or response to stress, whereas GPI anchors correspond to cell wall-related proteins (Table  IV) . This is all the more relevant given that GPI-APs are characteristically embedded with the lipid portion of the GPI anchor into the exoplasmic leaflet of the plasma membrane and that the reversibility of the palmitoylation/myristoylation process is quite suitable for dynamic signal transduction processes.
From DRMs to Rafts: Toward Physiological Functions of Plant DRMs
A very interesting point would be to compare the relative importance of these functional classes in DRMs and in the whole plasma membrane to determine a possible specialization of these domains. Such an analysis revealed very relevant features (Fig. 7) . If primary functions of the plasma membrane, such as transport and metabolism, seem under-represented in DRMs, others undergo a significant increase of their relative importance in DRMs compared with plasma membrane. Among these are signaling and response to biotic and abiotic stress, cellular trafficking, and cell wall metabolism. This observation is all the more relevant given that these functions, except the plant-specific cell wall metabolism, have been identified as the main physiological processes involving animal lipid rafts (9, 10, 62, 63) . This could suggest that beyond the similarity of their lipidic composition and biophysical properties, the plant DRMs could constitute the functional equivalent of animal lipid rafts.
Conclusion
This "large scale," although certainly not exhaustive, proteomic analysis of plant DRMs from a single material (tobacco cell plasma membrane) proved to be very instructive. The essential point is probably that it provides a physical support where several physiological realities or processes, so far linked functionally two by two, can converge: for instance cytoskeleton and ECM, defense and ECM, or cytoskeleton and defense. Moreover the gathering in DRMs of components associated with these physiological functions is in agreement with the "patchy" localization around the cell previously ob- FIG. 7 . Functional grouping of DRM and PM proteins. Grouping was assumed according to the putative functions given in the databases (UniProt, www.expasy.org/uniprot; and NCBI, www.ncbi.nlm.nih.gov/entrez). served in confocal microscopy for some of these components (37, 64) .
The enrichment of DRMs, compared with the whole plasma membrane, in signaling proteins contributing to the essential physiological processes listed above suggests (i) that we could probably consider these DRMs as the biochemical equivalent of microdomains present on plant plasma membrane in vivo and (ii) that these domains are likely to constitute, as in animal cells, signaling platforms potentially involved in these physiological functions.
The prospects offered by the demonstration of the presence in plants of such microdomains and the inventory of their proteic composition are numerous. The next challenge will be, for scientists involved in the study of a particular signaling pathway related to the physiological processes discussed here, to take hold of this microdomain concept and determine how it can contribute to the development of their research. A crucial point is probably to connect unambiguously the biochemical data presented here to a reality occurring in living cells as nicely undertaken by Bhat and Panstruga (11) with the visualization of the recruitment of plant penetration resistance components in a plasma membrane microdomain during the penetration of powdery mildew in plants.
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